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SUMMARY 


Helicopter  operations  from  unimproved  landing  sites  have  demonstrated 
the  vulnerability  of  unprotected  gas  turbine  engines  to  sand  and  dust 
Ingestion.  As  an  Interim  solution,  engine  Inlet  filtration  or  particle 
separator  devices  have  been  added  to  engines  and  aircraft  that  were  al¬ 
ready  designed  and  developed.  However,  there  is  a  need  for  particle 
separators  designed  to  be  integral  with  the  engine  from  its  conception 
to  minimize  penalties  In  engine  performance,  weight,  maintainability, 
and  reliability.  The  objective  of  this  program  Is  to  conduct  a  two-phase 
Investigation  of  particle  separators  intended  to  be  an  Integral  part  of 
future  advanced- technology  gas  turbine  engines.  Phase  I  involves  feasi¬ 
bility  study  and  design;  Phase  II  involves  feasibility  demonstration. 

The  effort  reported  herein  describes  the  work  accomplished  during  the 
first  phase.  Eight  particle  separator  concepts  were  determined  to  be 
feasible,  and  preliminary  design  study  layout  drawings  were  prepared 
for  each.  Design  information  for  three  of  the  concepts  was  obtained 
from  organizations  that  have  been  active  in  the  field  of  particle  sep¬ 
aration;  a  review  of  current  separator  designs  led  to  the  development 
of  a  new  concept;  and  the  rest  were  formulated  by  Pratt  &  Whitney  Air¬ 
craft.  The  eight  separator  concepts  were  evaluated  with  respect  to 
each  other  for  each  of  ten  rating  factors.  The  two  most  promising  con¬ 
cepts,  "semi-reverse  flow"  and  "powered  mixed-flow,"  were  selected  for 
feasibility  demonstration.  Test  hardware  was  then  designed  to  experi¬ 
mentally  evaluate  the  two  selected  concepts. 
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INTRODUCTION 


Because  gas  turbine  engines  require  high  airflow  per  horsepower,  they 
have  always  been  vulnerable  to  degradation  caused  by  erosive  particle 
contaminants  in  the  air.  When  subjected  to  such  contamination,  degrada¬ 
tion  is  evidenced  by  loss  of  power,  loss  of  surge  margin,  and  attendant 
increased  specific  fuel  consumption  due  to  either  erosion  or  fouling  of 
precision  airfoil  sections  in  the  compressor  and  turbine.  The  majority 
of  early  gas-turbinc-engine  experience  was  obtained  with  fixed-wing  air¬ 
craft  operating  from  paved  runways,  and  particle  ingestion  was  not  a 
significant  problem  under  those  conditions.  However,  recent  tactical 
helicopter  operations  from  unimproved  landing  sites  have  forced  a  re¬ 
appraisal  of  the  vulnerability  of  gas  turbines  to  solid-particle  ingestion. 
Figure  1  shows  Pratt  &  Whitney  Aircraft  gas  turbines  powering  a  Sikorsky 
Aircraft  CH-54  Tarhe  helicopter  under  these  adverse  operating  conditions. 
Premature  engine  removals  due  to  resultant  erosion  damage  have  drastically 
reduced  the  time  between  overhaul  (TBO) ,  in  some  cases  by  a  factor  of 
10  or  more.  Generally,  when  the  engines  were  overhauled,  all  compressor 
components  had  to  be  replaced.  As  a  result,  virtually  all  helicopters 
now  operating  in  Southeast  Asia  have  some  form  of  protection  against 
sand  and  dust  erosion. 

Two  approaches  to  solving  the  problem  were  apparent:  either  remove  the 
particles  from  the  airstream,  or  make  the  engines  more  erosion  resistant. 
Because  the  need  was  urgent  and  the  particle-removal  approach  was  best 
suited  to  quick  implementation,  this  was  the  course  adopted  by  both  engine 
and  airframe  manufacturers  for  an  interim  solution.  Particle  removal  was 
accomplished  by  several  differing  concepts  of  both  barrier  filters  and  in¬ 
ertial  devices. 


Figure  1.  Helicopters  Operating  From  Unimproved  Landing  Sites. 
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The  engine  inlet  filtration  devices  now  in  use  have  all  been  developed  as 
"field  fixes;"  i.e.,  they  were  added  as  an  afterthought  to  an  already 
designed  and  developed  engine  and  aircraft.  There  have  been  few  recent 
improvements  in  the  state-of-the-art  of  engine  inlet  protection  devices. 
Basically,  most  manufacturers  have  taken  filtration  concepts  used  for  years 
in  the  industrial  gas  handling  field  and  have  modified  them  to  meet  the 
more  stringent  volume  and  weight  limitations  imposed  by  flight-type  hardware. 
However,  both  the  static-type  filters  and  the  Inertial  separators  produced 
thus  far  suffer  from  some  serious  drawbacks,  such  as  reduced  engine  per¬ 
formance,  increased  aircraft  weight,  maintenance  requirements,  lack  of 
anti-icing,  and  FOD  problems  attributed  to  the  separator  itself.  At  the 
same  time,  field  tests,  as  well  as  new  gas  turbine  developments,  are 
creating  increasingly  stringent  requirements  for  greater  engine  protec¬ 
tion,  higher  efficiency,  and  smaller  package  size  for  a  given  airflow. 

An  engine  inlet  particle  separator  that  is  designed  as  an  integral  part 
of  the  engine  may  offer  advantages  or  reduced  penalties  in  engine  per¬ 
formance,  weight,  maintainability,  and  reliability,  as  well  as  making 
the  separator  design  invariant  with  aircraft  installation.  As  a  result, 
there  is  a  need  to  investigate  separators  designed  to  be  integral  with 
the  engine  from  its  conception,  to  determine  if  the  above  penalties  can 
be  minimized  and  if  the  conflicting  requirements  of  minimum  volume,  high 
efficiency,  and  low  pressure  drop  can  be  satisfied. 

The  objective  of  this  program  is  to  conduct  an  analytical  and  experimental 
investigation  of  the  feasibility  of  particle  separators  intended  to  be 
an  integral  part  of  the  inlet  of  future  advanced-technology  gas  turbine 
engines.  The  12-month  program  is  being  conducted  in  two  phases.  Phase  I, 
Feasibility  Study  and  Design,  will  consist  of  four  tasks:  (1)  review 
current  separators,  (2)  determine  feasibility  of  new  concepts,  (3) 
select  two  concepts  for  testing,  and  (4)  prepare  manufacturing  drawings. 

Phase  II,  Feasibility  Demonstration,  will  consist  of  two  tasks:  (1)  fab¬ 
ricate  two  separators,  and  (2)  test  two  separators. 

This  report  describes  the  work  accomplished  during  Phase  I,  Feasibility 
Study  and  Design.  A  maximum  airflow  rate  of  8  lb/sec  was  chosen  as  a 
matter  of  convenience  to  facilitate  the  investigation. 
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TASK  1  -  CURRENT  SEPARATOR  REVIEW 


In  this  task,  existing  aircraft  gas  turbine  engine  inlet  particle  separator 
designs  were  reviewed  to  determine  the  feasibility  of  adapting  these  designs 
to  an  inlet  separator  integral  with  the  basic  engine.  Of  the  separators 
currently  available,  multiple-element  vortex-tube  separators  are  in  the 
widest  use.  Because  Sikorsky  Aircraft  engineers  have  successfully 
developed  and  installed  vortex-tube  separators  on  their  CH-53  and  CH-54 
helicipters,  they  were  retained  as  consultants  for  this  type  of  separator. 

SIKORSKY  AIRCRAFT  VORTEX-TUBE  STUDY 


Sikorsky  conducted  a  performance  trade-off  study  comparing  various  vortex- 
tube  elements  of  different  diameters  and  lengths.  They  prepared  a  rela¬ 
tionship  (Figure  2)  for  approach  velocity  versus  element  pressure  drop 
and  approach  area  that  compares  various  vortex  elements,  and  the  Wright- 
Patterson  Aerospace  Research  Labs  (ARL)  semi-reverse-flow  swirl  chambers. 
The  most  favorable  pressure  drop/approach  area  relationship  is  shown  by 
curves  2  and  3  of  Figure  2.  Installed  separation  efficiency  and  scavenge 
flow  requirements  for  the  above  vortex  elements  are  listed  in  Table  I. 

The  ARL  swirl  chambers  offer  the  most  favorable  efficiency  and  scavenge 
flow  characteristics,  but  at  the  expense  of  approach  area,  as  shown  in 
Figure  2. 


TABLE 

I.  VORTEX- ELEMENT 

CHARACTERISTICS 

Vortex  Element 

Dia.  x  Length 
(in.) 

Installed  Efficiency 

AC  Coarse  at  4  in. 

h2oap  (Z) 

Scavenge 

Flow 

(7.) 

ARL  Swirl  Chamber 

1.88  x  4.75 

95 

2.5 

Vortex  Tube  A 

0.75  x  2.8 

91 

8 

Vortex  Tube  B 

1.0  x  2.75 

90 

10 

Vortex  Tube  C 

1.0  x  3.75 

92 

10 

Vortex  Tube  D 

1.5  x  4.0 

88 

10 

Vortex  Tube  E 

1.5  x  6.0 

93 

10 

The  data  presented  in  Figure  2  and  Table  I  were  obtained  from  manufacturers' 
brochures  and  Reference  1,  except  for  the  information  of  the  ARL  swirl 
chambers  which  was  obtained  from  Reference  2. 

OTHER  AIRCRAFT  GAS  TURBINE  SEPARATORS 


A  brief  literature  review  of  current  engine  inlet  particle  separator 
designs  was  conducted.  The  United  Aircraft  of  Canada,  Ltd.  (UACL) , 
Lycoming,  and  Boeing-Vertol  inertial  separators  and  the  General  Electric 
Co.  (GE)  swirl  separator  were  determined  to  be  of  interest.  A  summary  of 
the  characteristics  and  performance  of  the  separators  is  given  in  Table  II. 
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Figure  2.  Vortex-Tube  Performance  Comparison 


TABLE  II.  SUMMARY  OF  SEPARATOR  CHARACTERISTICS 


Model 

Eff  ic  iency 
AC  Coarse 
(X) 

Scavenge  Flow 
(%> 

Pressure 

Drop 

(in.  H20) 

Reference 

UACL 

70 

29 

* 

3 

Lycoming 

38 

10 

6.5 

4 

G.E. 

70 

10 

10.8 

1 

Boeing 

85 

10 

3.2 

5 

*Part  of  turboprop  engine 

inlet. 

The  UACL  Inertial  separator  is  part  of  the  U21A  turboprop  intake  system. 
It  was  originally  designed  for  anti-icing  purposes  and  depends  on  ram 
air  derived  from  forward  motion  for  operation. 


The  Lycoming  inertial  separator  is  a  radial-inflow  bellmouth  assembly 
cantilevered  from  the  engine  inlet  housing.  It  was  developed  as  a  field- 
installed  kit  for  the  T53  engine  installed  in  the  Bell  UH-1  helicopters. 

The  Boeing-Vertol  particle  separator  is  an  inertial  type  designed  to  fit 
the  CH-46  helicopter.  It  uses  a  bellmouth  inlet  to  focus  the  dust  particles 
in  such  a  manner  that  they  are  captured  by  a  scavenge  duct  located  in  the 
center  of  the  inlet.  Engine  airflow  passes  around  the  OD  of  the  centrally 
located  scavenge  duct. 

The  General  Electric  particle  separator  is  an  axial- flow  cyclone  type 
designed  to  attach  directly  to  a  T58  engine.  It  has  19  inlet  swirl  vanes 
attached  to  an  extension  of  the  engine  bullet  nose,  a  scavenge  scroll 
located  around  the  OD  of  the  separator,  and  26  exit  deswirl  vanes  to 
straighten  the  airflow  into  the  engine. 


5 


TASK  2  -  CONCEPT  FEASIBILITY  STUDIES 


In  this  task,  new  or  Innovative  Integral  engine  Inlet  particle  separator 
concepts  were  formulated  and  evaluated  to  determine  feasibility.  A  com¬ 
puter  program  that  can  plot  trajectories  of  various -size  particles  was 
developed  for  use  as  an  analytical  design  tool  to  aid  in  determining  the 
particle  concentrating  effectiveness  of  various  separation  concepts  and 
duct  contours.  Eight  preliminary  design  study  layout  drawings  were  pre¬ 
pared  for  the  concepts  that  evolved.  The  drawings  are  conceptual  in 
nature,  as  opposed  to  detail  designs  for  a  specific  engine,  but  contain 
sufficient  information  to  assist  in  evaluating  the  various  concepts.  Of 
the  eight  separator  concepts  determined  to  be  feasible,  three  are  based 
on  design  information  obtained  from  organizations  that  have  been  active  in 
the  field  of  particle  separation,  one  is  a  new  concept  developed  as  a  result 
of  the  review  of  current  separator  designs  in  Task  1,  and  the  remainder  were 
formulated  by  Pratt  &  Whitney  Aircraft. 

COMPUTER  PARTICLE  TRAJECTORY  ANALYSIS 


The  particle  trajectory  computer  program  was  developed  and  used  as  an 
analytical  design  tool  to  aid  in  determining  the  effectiveness  of 
various  separation  concepts  and  duct  contours  in  concentrating  particles. 

The  analysis  utilizes  two  computer  programs  to  formulate  particle  tra¬ 
jectory  plots,  as  illustrated  in  Figure  3.  The  coordinates  of  the  duct 
contour  are  first  input  into  a  program  that  provides  duct  flow  properties 
based  on  numerical  solutions  of  equations  for  incompressible  turbulent 
swirling  flow  through  axisymmetric  annular  ducts.  The  duct  contour, 
flow  field,  and  particle  data  are  then  input  into  a  trajectory  calcula¬ 
tion  program  which  computes  and  plots  the  trajectories  of  particles  as 
they  move  through  the  duct.  Details  of  these  calculations,  which  balance 
the  centrifugal  and  drag  forces  on  a  particle,  are  presented  in  the  ap¬ 
pendix. 

This  analysis  offers  advantages  not  included  in  many  analytical  approaches. 

It  is  able  to  analyze  axisymmetric  annular  ducts,  swirling  flow  and  swirling 
particles,  and  it  incorporates  turbulent  boundary-layer  calculations 
which  provide  aerodynamic  flow  separation  data.  Other  analyses,  such  as 
electric  analog  potential  flow  field  mapping,  are  limited  to  nonswirling 
two-dimensional  ducts  and  provide  no  indication  of  flow  separation. 

Since  no  test  data  were  available  with  which  to  verify  the  computer  particle 
trajectory  calculations,  an  attempt  was  made  to  correlate  the  trajectory 
calculations  with  Russian  data  presented  in  Reference  6.  A  theoretical 
simulation  was  made  of  various  particle  trajectories  in  a  blade  cascade,  with 
the  resulting  comparison  presented  in  Figure  4  .  It  is  seen  that  the  P&WA 
calculations  predict  greater  deflection  for  the  smaller  particles.  How¬ 
ever,  the  P&WA  calculated  trajectory  results  provide  better  agreement  with 
the  test  data  from  Reference  6,  in  which  erosion  patterns  indicate  greater 
particle  deflections  than  the  Russian  calculations  had  predicted. 
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Calculated  by  P&WA  Computer  Program 

Figure  4.  Comparison  of  Particle  Trajectories  in  a  Cascade. 
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The  particle  trajectory  computer  program  has  the  capability  of  plotting 
three  views  of  the  particle  paths  through  the  duct,  as  shown  on  Figure  5. 

The  first  and  standard  plot  is  the  radial-axial  view,  in  which  axial  (z) 
positions  are  undistorted  but  all  radial  positions  are  rotated  back  to 
the  y-z  plane.  The  true  axial  view  (i.e.,  x-y  plane)  and  true  side  view 
(i.e.,y-z  plane)  are  plotted  when  analyzing  ducts  incorporating  swirling 
flow,  as  these  views  illustrate  circumferential  variations  in  the  particle 
trajectories.  The  gas  swirl  angle  is  the  angle  (B)  the  velocity  vector 
makes  with  the  y-z  plane.  In  using  the  computer  program  to  study  the 
various  separator  concepts,  ground  rules  were  established  to  maintain  a 
degree  of  commonality: 

a)  duct  inlet  velocities  were  calculated  on  the  basis  of  a 
flow  rate  of  8.0  lb/sec,  except  for  the  semi-reverse 
flow  concept  which  was  based  on  11.2  lb/sec  to  provide 
for  a  40%  scavenge  flow 

2 

b)  gas  inlet  total  pressure  equal  to  14.7  lb/in. 

c)  gas  inlet  total  temperature  equal  to  59°F 

3 

d)  particle  density  of  165  lb/ft 

e)  particle  coefficient  of  restitution  of  0.75 

f)  particle  velocity  at  inlet  equal  to  0.9  gas  inlet  velocity 

PRELIMINARY  CONCEPT  DESIGN  1  -  SELF-CLEANING  BARRIER  FILTER 

A  self-cleaning  barrier  filter  design  was  of  interest  because  of  the  high 
separation  efficiency  that  can  be  obtained  with  a  barrier  filter.  Although 
barrier  filters  have  been  used  for  engine  protection,  they  require  a  high 
degree  of  maintenance,  are  prone  to  clogging,  and  cannot  be  anti-iced. 

The  design  approach  that  was  taken  for  integrating  a  barrier  filter  with 
the  engine  was  to  minimize  the  additional  volume  that  would  be  required. 

A  reduced-scale  preliminary  design  sketch  is  presented  as  Figure  6  .  For 
this  concept,  a  cylindrical  filter  is  wrapped  around  the  OD  of  an  engine 
and  is  automatically  back-flushed  when  a  preset  pressure  drop  across  the 
filter  is  reached.  By  wrapping  the  filter  around  the  engine,  not  only  is 
the  added  volume  minimized,  but  some  noise  suppression  and  engine  protection 
are  also  realized. 

A  visit  was  made  to  Southwest  Research  Institute  (SRI),  San  Antonio,  to 
discuss  the  use  of  barrier  filters.  Design  information  was  obtained 
for  back-flushed  barrier  filter  design  which  was  based  on  a  program  SRI 
conducted  for  the  Army  Engineer  Research  and  Development  Labs  (Refer¬ 
ence  7). 

During  this  program  it  was  determined  that  by  using  a  chopped,  high-frequency, 
high-pressure  back-flush,  which  would  vibrate  the  barrier  filter  material 
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at  lta  natural  frequency,  tha  f 11 tar  element  could  be  thoroughly  cleanad 
vf'.hout  an  lncraaae  in  tha  claanad  praaaure  drop.  With  other  filter-cleaning 
techniques,  the  cleaned  pressure  drop  tends  to  increase  cor Unuously. 

However,  with  this  vibratory  cleaning  process  the  filter  media  began  to 
break  down  (regardless  of  material)  after  About  25*30  cleanings.  The 
prototype  filter  was  35  Inches  In  diameter  by  9  Inches  long  and  exceeded 
98%  separation  efficiency  using  AC  fine  dust  with  a  4*  to  6-lnch  ^0 
pressure  drop  at  5.23  lb/sec.  Some  concern  was  expressed  about  cleaning 
the  filter  If  the  pleats  were  too  closely  packed;  hence,  a  relatively 
coarse  pleating  of  25  per  foot  was  used. 

Due  to  space  limitations,  the  SRI  filter  operated  at  a  filter  media  (l.e., 
airflow)  velocity  of  73  ft/mln.  However,  a  practical  maximum  velocity  of 
approximately  60  ft/min  was  recommended  to  minimize  particle  migration. 
Interestingly,  all  particle  sizes  had  been  found  to  migrate  through 
barrier  filters.  The  filter  In  the  P&WA  concept  was  conservatively  sized 
for  30  ft/mln  filter  media  velocity,  since,  by  wrapping  it  around  the  OD 
of  an  engine,  sufficient  surface  area  was  readily  available.  Based  on 
SRI  test  data,  it  was  estimated  that  tha  P&WA  filter  design  could  hold 
approximately  350  grams  of  dust  prior  to  being  back-flushed.  It  was 
estimated  that  compressor  bleed  air  usage  required  for  back-flushing  the 
filter  and  operating  the  drive  mechanism  would  result  in  approximately 
a  32  power  loss  during  the  cleaning  cycle.  Should  the  filter  tend  to 
become  clogged  due  to  encountering  icing  conditions  or  in-flight  rain, 
air  pressure  recovery  can  also  be  provided  by  a  bypass  system  that  has 
been  provided  in  the  concept.  A  toroidal  diverter  is  used  to  change  the 
airflow  from  the  filter  to  a  ram  Inlet  duct.  Anti-icing  capability  for 
the  support  struts  could  be  provided  should  it  be  required.  The  toroidal 
diverter  Is  actuated  by  an  annular  piston  mechanism.  Normally,  it  would 
be  spring  loaded  in  the  ram  Inlet  position  for  fail-safe  purposes.  High- 
pressure  air  from  the  compressor  is  used  to  load  the  annular  piston  and 
hold  the  toroidal  diverter  in  the  filter  position.  There  would  be  no 
performance  loss  after  the  toroidal  diverter  was  actuated  to  the  separa¬ 
tor  position  because  no  continuous  flow  of  high-pressure  air  from  the 
compressor  would  be  required. 

PRELIMINARY  CONCEPT  DESIGN  2  -  ELECTROSTATIC  SEPARATOR 


Electrostatic  precipitators  were  of  interest  for  protecting  an  aircraft 
gas  turbine  engine  because  of  the  precipitator's  potential  low  pressure 
drop  and  ability  to  separate  small  particles.  Although  electrostatic 
precipitators  have  generally  been  qxcluded  because  of  their  large  size 
and  high-voltage  requirements,  two  considerations  warranted  evaluating 
this  concept  as  an  integral  separator.  The  first  consideration  was  the 
recent  development  of  high-power  piezoelectric  crystals  that  could  be 
utilized  to  provide  a  very  compact  high-voltage  power  package.  The 
second  consideration  was  the  idea  of  electrostatically  diverting  the 
dust  particles  into  a  region  of  concentration  and  then  bleeding  scavenge 
air  from  that  region.  This  is  in  contrast  to  the  conventional  practice 
of  electrostatically  precipitating  tha  particles  on  a  charged  plate  and 
then  periodically  vibrating  or  washing  the  plate  to  dislodge  the 
accumulation  of  particles. 
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Figure  5.  Plotted  Output  From  Computer  Particle  Trajectory 
Calculations. 
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Figure  5.  Plotted  Output  From  Computer  Particle  Trajectory 
Calculations. 
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Investigation  of  this  concept  revealed  that  there  are  two  basic  types  of 
electrostatic  precipitators:  a  relatively  high-voltage  (in  excess  of 
100,000  volts)  single-stage  type  and  a  lower  voltage  two-stage  type.  The 
single-stage  type  was  ruled  out  due  to  the  very  high  voltage  and  intense 
corona  discharge  that  would  cause  radio  interference.  The  two-stage 
type  has  been  used  in  radio  and  TV  stations  with  no  electromagnetic 
interference  effects. 

A  two-stage  electrostatic  precipitator  consists  of  an  ionization  section 
and  a  precipitator  section.  The  flow  area  of  this  type  unit  is  generally 
sized  for  approximately  6-7  ft/sec  air  velocity.  The  ionization  section 
is  used  to  charge  the  particles.  It  onsists  of  0. 007-in. -diameter  tung¬ 
sten  wires  spaced  between  ground  plates  that  are  2  in.  apart.  The  plates 
are  operated  at  a  field  strength  of  10,000  volts/inch  and  at  a  current 
of  100  microamps/ft  of  wire.  A  positive  electrode  is  employed  to  mini¬ 
mize  ozone  generation;  but  if  ozone  were  not  a  consideration,  utilizing 
a  negative  electrode  would  produce  two  to  three  times  more  efficient 
ionization  but  with  seven  times  more  ozone.  It  was  felt  that  the  airflow 
rate  through  the  ionization  section  could  be  increased  an  order  of  mag¬ 
nitude,  providing  negative  ionization  were  employed  and  the  field  strength 
increased  to  20,000  -  30,000  volts/inch  and  the  current  increased  to 
200  -  400  microamp;, /f t  of  wire. 

The  precipitator  section  in  commercially  available  units  consists  of  thin 
plates  spaced  approximately  0.250  inch  apart  that  are  charged  to  5000  volts 
or  20,000  volts/inch.  The  plates  are  12  inches  long  and  essentially  col¬ 
lect  all  particles. 

Using  the  above  information,  an  electrostatic  diversion  inlet  particle 
separator  was  devised.  A  reduced-scale  preliminary  design  sketch  is 
presented  as  Figure  7.  Incoming  particles  are  charged  and  electro¬ 
statically  diverted  to  the  0D  where  they  are  collected  in  the  scavenge 
annulus.  Both  the  ionization  section  and  diverting  section  operate  at 
20,000  volts  and  are  supplied  by  a  piezoelectric  crystal  power  supply. 

The  power  supply  consists  of  0.146  pound  of  piezoelectric  material  ar¬ 
ranged  in  three  crystal  packages  connected  120  degrees  out  of  phase. 

The  inlet  area  is  sized  for  approximately  60  ft/sec  airflow  velocity, 
or  approximately  an  order  of  magnitude  increase  over  standard  practice. 
Sizing  the  ionization  section  inlet  for  this  velocity  resulted  in  an  OD 
of  approximately  19  inches,  which  is  considered  to  be  compatible  with 
a  8-lb/sec  engine.  The  ionization  wires  were  arranged  in  a  radial  pat¬ 
tern.  The  lightest  and  most  compact  arrangement  for  electrostatically 
diverting  the  particles  was  considered  to  be  an  annulus  located  at  the 
mean  inlet  area  diameter.  By  providing  a  1-inch  difference  between  the 
ID  and  the  OD  radii,  a  20,000  volt/inch  field  strength  could  be  maintained. 

The  particle  trajectory  computer  program  was  utilized  to  determine  the 
concentration  effect  of  the  1-foot-long  electrostatic  diverting  section. 

The  results,  shown  in  Figure  8,  indicate  minimal  concentration  effect, 
primarily  due  to  the  350  ft/sec  velocity  in  the  diverting  section. 
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Another  configuration  was  evaluated  with  the  particle  trajectory  computer 
program.  It  consisted  of  a  sufficient  number  of  concentric,  annular, 

1-inch  diverting  sections  to  reduce  the  velocity  In  the  diverting  section 
to  that  of  the  ionization  section,  60  ft/sec.  The  results  for  one  of 
the  annular  diverting  sections,  shown  in  Figurt  9,  indicate  that  there 
is  little  increase  in  particle  diversion. 

It  is  concluded  that  for  electrostatic  diversion  to  work,  the  air  velocity 
would  have  to  be  further  reduced.  This  would  result  in  a  significant 
volume  increase  which  might  be  impractical  for  helicopter  applications. 

PRELIMINARY  CONCEPT  DESIGN  3  -  DIFFUSER  INTERSTAGE  SEPARATOR 

The  ST9  advanced-technology  engine  being  tested  by  P&WA  under  AVLABS  con¬ 
tract  has  a  centrifugal  first-stage  compressor  and  a  pipe  diffuser.  For 
this  particular  configuration,  one  way  of  integrating  a  separator  and  the 
engine  would  be  to  use  the  first-stage  centrifugal  compressor  as  a  centri¬ 
fuge.  A  reduced-scale  preliminary  design  sketch  of  a  concept  that  uses 
the  interstage  diffuser  tubes  to  separate  the  sand  and  dust  particles  is 
presented  as  Figure  10.  The  concept  utilizes  the  strong  centrifugal 
field  generated  by  the  radial  outflow  impeller  to  force  the  sand  and 
dust  particles  through  discharge  ports  appropriately  positioned  on  the 
outside  radius  of  the  diffuser  interstage  tubes. 

There  would  be  no  performance  loss  with  this  concept  because  compressor 
bleed  air  would  not  be  required  to  carry  the  particles  through  the  discharge 
ports.  Instead,  separation  would  depend  on  the  kinetic  energy  imparted  to 
the  particles  by  the  impeller.  The  particle  collection  and  storage  chamber 
would  be  of  sufficient  capacity  so  that  for  most  applications  it  would  only 
have  to  be  vented  at  the  end  of  each  mission  as  a  part  of  engine  shutdown 
procedures. 

One  difficulty  with  this  concent  is  that  in  passing  through  the  compressor, 
the  sand  and  dust  would  erode  the  impeller  and  diffuser.  Two  10-hour  ST9 
compressor  sand-ingestion  tests  with  AC  coarse  dust  (0.0015  gm/ft^)  have 
indicated  minimal  erosion  of  the  first-stage  flow-path  hardware  with  one 
exception.  A  region  of  severe  erosion  occurred  on  the  pressure  surface 
at  the  OD  of  the  full  blades.  However,  there  is  the  possibility  that 
the  durability  of  the  impeller  and  diffuser  hardware  could  be  significantly 
improved  with  coatings  that  are  currently  under  investigation. 

It  is  also  feasible  that  this  concept  be  employed  downstream  of  another 
separator.  The  first  separator  would  remove  the  coarse  particles  to  a 
level  at  which  the  rotor  and  diffuser  could  tolerate  the  remaining 
particles.  The  interstage  diffuser  discharge  ports  would  then  remove 
the  finer  particles  so  that  they  would  not  form  a  glazing  deposit  after 
passing  through  the  burner  section  of  the  engine. 
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Figure  7.  Electrostatic  Diverting  Separator  Conceptual 
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Figure  8.  Calculated  Particle  Trajectories  in  Electrostat 
Diverting  Separator  With  20,000  Volts/in.  Field 
Strength. 
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Figure  9.  Calculated  Particle  Trajectories  With  Reduced 
Air  Velocity  Through  Diverter  Section. 
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Figure  10.  Diffuser  Interstage  Separator  Conceptual  Design 
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PRELIMINARY  CONCEPT  DESIGN  4  -  INLET  INERTIAL  SEPARATOR 


Conventional  right' angle-bend  inertial  separators  tend  to  incur  a  penalty 
in  separation  efficiency  because  of  particles  ricocheting  in  such  a  way 
that  their  inertia  prevents  them  from  being  carried  off  by  the  scavenge 
airflow.  One  approach  to  correcting  this  problem  would  be  to  provide 
special  particle  entrapment  zones  consisting  of  deeply  chamfered 
boundary  layer  bleed  slots,  as  described  in  Reference  8.  However,  this 
concept  was  rejected  as  being  too  prone  to  clogging  of  the  bleed  slots. 

An  alternative  approach  would  be  to  control  particle  ricochet  in  order 
to  maximize  particle  concentration.  A  reduced-scale  preliminary  design 
sketch  of  this  approach  is  presented  in  Figure  11.  The  concept  utilizes 
a  parallel  wall  circumferential  inlet  in  order  to  provide  consistent 
particle  trajectories  at  the  bottom  of  the  right-angle  bend  where  the 
dust  particles  are  concentrated  and  can  then  be  captured  in  a  collection 
annulus . 

The  previously  described  particle-trajectory  computer  program  was  used  to 
evaluate  the  effect  of  changing  inlet  wall  spacing  and  flow  turning  angle. 

A  particle  trajectory  plot  for  an  inlet  inertial  separator  having  a  72-degree 
flow-turning  angle  and  an  inlet  velocity  of  170  ft/sec  is  shown  in  Figure  12. 
Another  particle-tra jectory  plot  shown  in  Figure  13  is  for  an  80-degree  flow 
turning  angle  and  decreased  wall  spacing  which  increased  the  inlet 
velocity  to  250  ft/sec.  By  comparing  the  two  plots,  it  can  be  seen  that 
increasing  the  flow  turning  angle  and  inlet  velocity  tends  to  maximize 
particle  concentration  at  the  bottom  of  the  duct.  High  inlet  velocity, 
however,  results  in  increased  pressure  drop  and  resultant  power  loss. 

A  toroidal  diverter  is  included  in  the  concept  to  allow  for  ram  air 
pressure  recovery.  The  penalty  in  engine  power  can  be  avoided,  when 
separation  is  not  required,  by  positioning  the  toroidal  diverter  in  the 
ram  inlet  position. 

PRELIMINARY  CONCEPT  DESIGN  5  -  ROTATING- FILAMENT  SEPARATOR 

The  feasibility  of  using  rotating  brushes  or  filaments  for  particle 
separation  has  been  investigated  by  Illinois  Institute  of  Technology 
Research  Institute  (IITRI)  in  a  program  conducted  for  Naval  Air  Systems 
Command  (Reference  9).  This  concept  uses  disk-shaped  brushes  mounted 
on  a  rotating  shaft  to  produce  centrifugal  and  impaction  separation 
forces.  The  brush  assembly  is  depicted  in  Figure  14.  Tests  have  dem¬ 
onstrated  that  a  separation  efficiency  of  approximately  89%  can  be  ob¬ 
tained  by  rotating  three  13 . 5-in. -diameter  brushes  at  1480  rpm,  which 
required  0.58  hp  to  pass  1.08  lb/sec.  The  power  required  to  pump  the 
purge  air  overboard  was  not  included  in  the  data  since  the  tests  were 
conducted  in  a  duct  supercharged  above  ambient  pressure  by  a  blower.  At 
8  lb/sec  flow  rate,  however,  the  volume  and  perhaps  the  weight  of  such 
a  configuration  would  be  prohibitive.  An  alternative  approach  for  in¬ 
creasing  flow  capacity  would  be  to  force  more  flow  through  the  prototype 
unit.  Interpolating  test  data  for  the  higher  flow  rate  produced  a  very 
poor  separation  efficiency  of  approximately  50%. 
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Figure  11.  Inlet  Inertial  Separator  Conceptual  Design. 
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Figure  13.  Calculated  Particle  Trajectories  in  80-Degree 
Inlet  Inertial  Separator. 


Figure  14.  Rotating  Brush  From  IITRI  Particle  Separator. 
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To  gain  further  knowledge,  a  visit  was  made  to  IITR1,  Chicago,  to  dis¬ 
cuss  the  most  recent  thinking  on  rotating  brush  design.  One  major 
change  to  the  brush  system  would  be  to  have  the  wires  angled  away 
from  the  direction  of  rotation,  Instead  of  radially  oriented.  It  was 
felt  that  this  would  improve  the  particle  separation  efficiency  asso¬ 
ciated  with  impaction.  During  IITRl's  limited  amount  of  testing,  no 
measurable  erosion  of  the  1.0-mm-dia.  wires  occurred;  however,  severe 
fatigue  at  the  wire  roots  was  encountered  due  to  vibration.  It  was  suggested 
that  restraining  the  wire  tips  with  a  shroud  should  greatly  reduce  the  wire 
vibration  problem.  The  shroud  would  have  to  be  carefully  designed  to 
permit  dust  particles  to  pass  through  without  causing  an  unequal  dust 
buildup  that  would  affect  balance.  To  rotate  their  brush  test  model, 

IITRI  utilized  a  hydraulic  drive  system  which  limited  test  speeds  to 
approximately  2000  rpm.  Theoretically,  increased  operating  speeds 
should  improve  separation  efficiency. 

The  design  approach  taken  for  integrating  a  rotating-f ilament  separator 
with  an  engine  was  based  upon  IITRl's  experience  and  recommendations 
for  making  improvements.  A  reduced-scale  preliminary  design  sketch  of 
a  rotating-filament  separator  integrated  with  an  8  lb/sec  engine  is 
presented  in  Figure  15.  For  this  concept,  the  separator  is  located  in 
front  of  the  inlet  guide  vanes  and  rotates  at  free-turbine  shaft  speeds. 

The  separator  consists  of  a  number  of  filament  and  shroud  assemblies 
stacked  together.  Space  is  provided  between  each  shroud  for  particles 
to  pass  through  into  the  scavenge  annulus. 


The  particle  trajectory  computer  program  was  used  to  evaluate  the 
separator  length  that  might  be  required  if  the  particles  were  centri¬ 
fuged  to  the  OD  solely  by  gas  swirl  centrifugal  force.  The  particle 
trajectory  plot  shown  in  Figure  16  indicates  that  particles  flowing 
through  a  duct  with  a  75-degree  swirl  component  would  require  more  than  a 
12-inch  length  for  all  particles  to  be  centrifuged  to  the  OD.  In  an 
actual  rotating-filament  separator,  considerable  particle  impaction 
would  occur,  but  it  was  not  possible  to  simulate  this  effect  with  the 
particle  trajectory  computer  program.  It  is  estimated  that  if  the  com¬ 
bined  effects  of  centrifugal  and  impaction  forces  were  considered,  the 
length  of  separator  required  to  provide  good  separation  efficiency 
would  be  significantly  less  than  12  in. 

Due  to  the  deficiency  of  current  design  information,  additional  ex¬ 
ploratory  research  is  recommended  prior  to  actually  designing  and  test¬ 
ing  a  unit  that  would  be  operating  at  a  speed  that  is  an  order  of 
magnitude  greater  than  the  original  prototype. 

PRELIMINARY  CONCEPT  DESIGN  6  -  SEMI-REVERSE-FLOW  SEPARATOR 

The  review  of  current  separator  configurations  in  Task  1  led  to  the  idea 
of  combining  features  of  both  the  United  Aircraft  of  Canada  Ltd.  inertial 
separator  intake  and  the  Wright-Patterson  Aerospace  Research  Labs  semi¬ 
reverse-flow  swirl  chambers. 
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Figure  15.  Rotating-Filament  Separator  Conceptual  Design. 
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The  latest  version  of  the  UACL  Inertial  separator  Intake  Is  designed 
for  use  in  the  Bell  Model  212  helicopter.  A  schematic  of  the  twin  PT6T-3 
engine  Installation  and  Inertial  separator  intake  system  is  shown  in 
Figure  17.  In  this  installation,  separator  bypass  flow  is  produced 
by  using  the  gas  generator  exhaust  stub  as  the  primary  nozzle  of  an 
exhaust  gas  eductor  system  in  the  bypass  duct.  Test  results  have  indicated 
separation  efficiencies  as  high  as  807.  with  AC  coarse  dust  at  approximately 
8  in.  H2O  pressure  drop  and  at  a  bypass  scavenge  flow  equivalent  to  407.  of 
engine  airflow.  The  inertial  separator  intake  has  been  tested  in  icing  and 
snowfall  conditions  throughout  the  flight  power  range  without  adverse  effect 
on  engine  operation  or  serious  loss  of  power.  The  intake  system  has  also  been 
tested  with  other  materials  such  as  grass,  leaves,  crushed  rock  and  pieces 
of  ice,  all  of  which  were  separated  with  1007.  success. 


Figure  17.  United  Aircraft  of  Canola,  Ltd.,  Bell  212  Inertial 
Separator  Intake  Installation. 

The  semi-reverse-flow  swirl  chambers  were  developed  at  the  Wright-Patterson 
Aerospace  Research  Laboratories  during  a  particle  separation  investiga¬ 
tion  (Reference  2).  A  section  view  of  a  swirl  chamber  is  presented  in  Fig¬ 
ure  18.  The  inlet  vanes  have  a  28-degree  swirl  angle,  and  the  diffuser 
outlet  has  35-degree  deswirl  vanes.  Of  the  vortex  tubes  that  were  examined 
by  Sikorsky  in  Task  1,  the  ARL  swirl  chambers  had  the  highest  separation 
efficiency.  A  46-unit  cluster  has  demonstrated  95%  separation  efficiency 
on  AC  coarse  test  dust  at  4  in.  H„0  pressure  drop  and  2-1/2 %  scavenge 
flow.  The  major  disadvantage  of  this  unit  is  that,  due  to  the  large 
hub-tip  ratio  design,  it  requires  approximately  three  times  as  much 
approach  area  as  other  vortex-tube  separators. 
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Figure  18.  Wright-Patterson  Aerospace  Research  Laboratories 
Semi-Reverse-Flow  Swirl  Chamber. 

Combining  the  above  two  designs  led  to  the  semi-reverse-flow  separator 
concept.  A  reduced-scale  preliminary  design  sketch  is  presented  as 
Figure  19.  In  this  concept,  separation  efficiency  is  improved  by  intro¬ 
ducing  swirl  in  an  annular  duct  which  is  similar  in  cross  section  to  the 
UACL  two-dimensional  separator.  By  utilizing  an  exhaust  gas  eductor  to 
produce  the  required  scavenge  flow,  the  semi-reverse-flow  concept  offers 
a  reliable  low  maintenance  particle  separator  which  has  no  moving  parts 
and  which  could  be  an  integral  part  of  the  engine  inlet  case. 

PRELIMINARY  CONCEPT  DESIGN  7  -  POWERED  MIXED-FLOW  SEPARATOR 


The  use  of  a  powered  centrifuge  for  particle  separation  purposes  was  first 
considered  at  Pratt  &  Whitney  Aircraft  as  a  potential  "add-on"  modifica¬ 
tion  to  a  J52  engine  for  Heavy  Lift  Helicopter  (HLH)  application.  A  powered 
centrifuge  also  offers  the  potential  of  being  an  integral  part  of  an  engine 
from  its  conception.  The  pressure  rise  from  the  separator  stage  would  con¬ 
tribute  to  the  overall  engine  cycle  pressure  ratio. 

A  reduced-scale  preliminary  design  sketch  of  an  integral  powered  mixed- 
flow  separator  is  presented  as  Figure  20.  The  impeller  would  be  driven  at 
engine  speed  to  eliminate  the  weight  penalty  associated  with  a  speed-reducing 
gearbox.  A  mixed-flow  impeller  was  chosen  because  it  combines  the  high- 
pressure  ratio  per  stage  of  a  centrifugal  compressor  with  the  small  outer 
diameter  of  an  axial-flow  compressor.  For  particle-separation  purposes, 
the  turning  of  the  radial  outflow  from  the  mixed-flow  impeller  results 
in  a  significant  increase  in  centrifugal  force  on  the  dust  particles  over 
that  induced  by  an  equivalent  straight-through  axial-flow  compressor. 
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However,  Che  optimum  design  and  location  of  the  annular  collection  zone 
may  have  to  be  a  combined  product  of  analysis  and  testing.  The  results 
of  preliminary  evaluation  of  this  concept  with  the  particle  trajectory 
computer  program,  as  shown  In  Figure  21,  Indicate  that  a  concentration  of 
particles  does  occur  at  the  duct  OD.  Of  course,  a  scavenge  blower  or  ex¬ 
haust  gas  eductor  would  not  be  required  since  total  pressure  in  the  particle 
collection  annulus  will  be  greater  than  atmospheric  and  will  provide  the 
necessary  scavenge  bleed  flow.  The  power  loss  due  to  scavenge  flow  is  shown 
In  Figure  22;  since  these  losses  are  essentially  proportional  to  scavenge 
flow  rate,  it  is  desirable  to  minimize  this  flow. 

In  a  free  shaft  engine,  two  shaft  speeds  are  available:  the  power-takeoff 
shaft  speed  and  the  gas  generator  speed.  A  brief  analysis  was  made  to 
determine  the  effect  of  shaft  speed  on  impeller  tip  diameter.  The  results, 
shown  in  Figure  23  as  a  function  of  pressure  ratio  for  two  selected  shaft 
speeds,  indicate  that  the  higher  shaft  speed  would  result  in  a  more 
compact  impeller  for  a  given  pressure  ratio,  and  that  the  minimum  pres¬ 
sure  ratio  for  the  higher  shaft  speed  would  be  approximately  1.4  to  1. 

One  problem  witli  operating  at  these  high  speeds  in  a  sand  and  dust 
environment  is  that  the  impeller  will  experience  some  erosion  damage. 
However,  after  a  10-hour  sand  ingestion  test  with  an  ST9  first-stage 
impeller,  the  resultant  wear  was  not  unreasonable.  Before  and  after 
test  results  using  an  AC  coarse  test  dust  concentration  of  0.0015  gm/ft-3 
are  shown  in  Figure  24.  An  impeller  actually  designed  for  use  as  a 
separator  could  have  blades  with  increased  thickness  in  the  regions  of 
maximum  wear,  or  coatings  might  be  used  to  improve  erosion  resistance. 

PRELIMINARY  DESIGN  CONCEPT  8  -  INTEGRAL  VORTEX-TUBE  SEPARATOR 


An  integral  vortex-tube  separator  was  of  interest  for  protecting  an 
aircraft  gas  turbine  engine  because  of  the  proven  effectiveness  of  cur¬ 
rently  available  vortex-tube  elements.  A  reduced-scale  preliminary  design 
sketch  of  an  integral  vortex-tube  separator  is  presented  as  Figure  25. 
This  concept  provides  a  separator  comprised  of  vortex-tube  elements  and 
a  ram-air  bypass  duct  that  can  be  anti-iced. 

Of  the  vortex  tubes  studied  by  Sikorsky  Aircraft  in  Task  1,  the  1-in.- 
dlameter  short  tube  was  selected  because,  being  only  2.75  in.  long,  it 
was  the  shortest  and  provided  a  separation  efficiency  in  excess  of  907. 
on  AC  coarse  test  dust.  Using  information  provided  by  Sikorsky,  it  was 
estimated  that  408  1/2-inch-diameter  vortex  tubes  would  be  required 
to  provide  a  pressure  drop  of  approximately  4  in.  H2O.  By  selecting  an 
OD  of  approximately  20  in. ,  which  would  be  compatible  with  an  8  lb/sec 
engine,  it  was  determined  that  a  separator  length  of  10.5  in.  would 
be  required  to  accommodate  the  vortex  tubes  and  necessary  scavenge 
passages.  The  vortex  tubes  are  arranged  in  eight  clusters  to  provide  the 
necessary  scavenging  in  accordance  with  Sikorsky's  recommendations.  Each 
cluster  of  tubes  is  mounted  in  a  separate  framework  or  module  to  allow  for 
servicing  without  disassembling  the  entire  separator. 


32 


i — mtr  cotut 


/ 


•ui  -  aoNvisia  iviavu 


36 


Figure  21.  Calculated  Particle  Trajectories  in  Powered 

Mixed-Flow  Separator  With  Simulated  60-Degree 
Gas  Swirl. 


MEAN  TIP  DIAMETER  FOR  SHAFT  POWER 


PRESSURE  RATIO 


Figure  22.  Scavenge  Bleed  Flow  Estimated  Power  Loss. 


TOTAL  PRESSURE  RATIO 


Figure  23.  Effect  of  Speed  and  Pressure  Ratio  on  Mixed-Flow 
Impeller  Sizing. 
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Figure  24.  Impeller  Wear  After  Sand  Ingestion  at  0.0015  gm/ft^ 
for  10  Hours. 
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Figure  25.  Integral  Vortex-Tube  Separator  Conceptual  Design 


A  toroidal  diverter  Is  Included  as  part  of  the  concept  and  will  allow 
the  separator  to  be  bypassed  and  provide  ram-alr  pressure  recovery  and 
antl-lclng  capability  should  it  be  required.  The  toroidal  diverter  is 
actuated  by  an  annular  piston  mechanism.  Normally  it  would  be  spring 
loaded  in  the  ram  inlet  position.  High-pressure  air  from  the  compressor 
would  be  used  to  load  the  annular  piston  and  change  the  position  of  the 
toroidal  diverter  when  required.  Actuation  would  not  entail  a  performance 
loss  because  the  actuation  bleed  flow  is  momentary. 
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TASK  3  -  SELECTION  OF  TWO  CONCEPTS 


In  the  previous  task,  eight  concepts  were  determined  to  be  feasible,  and 
preliminary  design  study  layout  drawings  were  prepared  for  each.  Under 
the  "Selection"  task,  an  analysis  of  the  eight  concepts  was  made  to 
determine  relative  separation  efficiency,  operational  capability  in  ad¬ 
verse  environment,  net  effect  on  engine  performance,  maintainability,  re¬ 
liability,  relative  cost,  additional  weight,  additional  volume,  localized 
concentration  effect,  and  self-contained  operation.  The  first  eight  fac¬ 
tors  were  specified  in  the  contract  Statement  of  Work,  and  the  other  two 
were  considered  applicable  additions.  Weighting  factors  for  rating  the 
separator  concepts  were  established  by  using  a  binary  technique  of  forced 
decision  that  is  described  in  Reference  10.  Figure  26  shows  how  the 
rating  factors  were  weighted  using  this  technique.  A  summary  of  result¬ 
ant  rating  factor  weight  values  is  listed  in  Table  III. 


TABLE  III.  RATING  FACTOR  WEIGHT  VALUES 

No. 

Facte 's 

Weight 

1 

Separation  Efficiency 

9 

2 

Operation  in  Adverse  Environment 

5 

3 

Effect  on  Engine  Performance 

7 

4 

Maintainability 

1 

5 

Reliability 

6 

6 

Cost 

2 

7 

Weight 

4 

8 

Volume 

1 

9 

Localized  Concentration  Effect 

8 

10 

■ _ 

Self-Contained  Operation 

2 

Since  the  preliminary  design  study  layout  drawings  of  the  various  separa¬ 
tors  were  conceptual  in  nature,  as  opposed  to  detail  designs  for  a  speci¬ 
fic  engine,  a  rigorous  analysis  of  each  concept  was  not  possible.  Instead, 
the  concepts  were  evaluated  with  respect  to  each  other  for  each  of  the 
above  rating  factors  using  the  same  binary  technique  of  forced  decision. 

The  concept  evaluation  rankings  were  then  multiplied  by  the  weighting 
value  £or  each  rating  factor  to  obtain  a  mathematical  ranking  of  the  eight 
separator  concepts.  The  results  are  summarized  in  Table  IV.  Based  on 
the  ranking  in  Table  IV,  the  first  two  concepts  were  selected  for  feasi¬ 
bility  demonstration  during  the  balance  of  the  program. 
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TASK  4  -  TEST  HARDWARE  DESIGN 


In  this  task,  teat  hardware  was  designed  to  experimentally  evaluate  the 
semi -reverse- f low  and  powered  mixed-flow  particle  separator  concepts 
that  had  been  selected  ind  approved  for  feasibility  demonstration  In  the 
previous  task.  The  two  concepts  were  refined,  and  manufacturing  layout 
drawings  were  prepared  of  analytically  optimized  non-f 1  ight-weight  test 
rigs  designee  to  flow  8.0  lb/sec  of  clean  air.  The  rig  designed  to 
test  the  semi  -  reverse- f  low  separator  concept  is  entirely  new.  Ttic  rig 
designed  to  ti  t  the  powered  mixed-flow  separator  concept  is  an  adapta¬ 
tion  of  a  rig  ptcviously  us?d  for  conducting  a  10-hour  sand- 1 nges 1 1  on 
test  with  single-stage  impeller. 

SEMI  -  REVERSE -FLOW  SEPARATOR  MECHANICAL  DESCK  1  1*T  1  ON 

Test  hardware  was  designed  to  demonstrate  the  feasibility  of  the  semi- 
reverse-flow  particle  separator  concept.  The  hardware  as  shown  In 
Figure  27  is  basically  composed  of  three  sections  constructed  of  aluminum. 
The  first  section  Is  a  flow  measurement  adapter  that  connects  the  rig 
to  the  facility  dust  feeder  screen  basket  assembly.  The  second  section 
is  the  semi-reverse-flow  concept  test  item  designed  so  that  it  can  be 
tested  with  and  without  swirl  vanes.  The  third  section  is  an  adapter 
that  simulates  a  compressor  inlet  sized  to  flow  8.0  lb/sec  and  also 
Incorporates  a  particle  scavenge  duct  sized  to  flow  3.2  lb/sec.  Air¬ 
flow  conditions  will  be  monitored  in  this  section  with  a  traversing 
cobra  probe  to  obtain  total  pressure  and  swirl  angle  measurements. 

SEMI -REVERSE-FLOW  SEPARATOR  DESIGN  CONSIDERATIONS 

Tne  test  section  was  analytically  optimized  to  provide  maximum  particle 
separation  with  respect  to  pressure  loss.  Design  criteria t suppl led  by 
United  Aircraft  of  Canada,  Ltd.,  based  on  their  Bell  Model’212  inertial 
separator  intake,  were  utilized  in  arriving  at  the  geometric  contour  and 
flow  splitter  position.  The  rectangular  UACL  inlet  is  sized  for  approx¬ 
imately  8.0  lb/sec  flow  rate.  The  duct  areas  were  scaled  up  to  accommo¬ 
date  the  11.2  lb/sec  flow  rate  required  by  the  semi-reverse-flow  concept, 
and  at  the  same  time  were  converted  into  an  annular  form.  UAJL  has  ex¬ 
perimented  with  reducing  turnirg  losses  in  the  inlet  and  has  developed 
the  contour  for  a  Coanda  ramp  that  r.ot  only  helps  turn  the  flow,  but  at 
the  same  time  increases  separation  e'ficiency.  Dimensions  for  the 
Coanda  ramp  were  scaled  directly  from  the  UACL  design  based  on  the  an¬ 
nular  height  of  the  duct  at  that  point.  The  placement  of  the  flow  spli:te* 
was  based  on  maintaining  UACL's  recommended  ratio  of  0.333  for  the  height  if 
the  Coanda  ramp  above  the  flow  splitter,  to  the  distance  from  the  Coanda  r  d 
to  the  flow  splitter  leading  edge.  The  UACL  separator  discharges  into  a 
plenum  chamber  surrounding  the  engine,  where  the  flow  is  decelerated  and 
then  accelerated  again  as  it  enters  the  engine.  To  minimize  pressure  losses 
in  the  temi-reverse-f low  separator,  .Me  plenum  chamber  has  been  replaced  with 
an  annulttr  duct  that  would  be  an  integral  part  of  the  engine  inlet. 
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After  defining  the  gas  flow  path,  it  wan  then  analyzed  at  PRDC  to  deter¬ 
mine  prcaaure  loss  as  a  function  of  mean  Inlet  swirl  vane  angle.  The 
results  shown  in  Figure  28  indicate  that  the  slope  of  the  pressure  lose 
vs  mean  pwlrl  angle  curve  begins  to  increase  at  about  30  deg  mean  swirl 
angle  and  6  inches  H.G  pressure  drop.  As  a  result,  a  mean  swirl  angle 
of  30  deg  was  selected.  A  graphics  display  computer  program  was  then 
utilized  to  generate  optimized  camber  distributions  which  resulted  in 
twisted  swirl  vaneB  having  approximately  48  deg  swirl  angle  at  tlu  hub 
and  2  deg  at  the  tip.  A  plot  of  swirl-vane  exit  angle  as  a  function  of 
span  is  shown  in  Figure  29.  IWisting  the  swirl  vanes  in  this  manner 
will  impart  maximum  swirl  to  the  particlcG  in  the  vicinity  of  the  hub 
where  It  is  needed  most.  A  total  of  18  swirl  vanes  are  cantilevered  from 
the  hub  and  stacked  about  the  chord  midpoint.  For  ease  of  fabrication, 
instead  of  having  an  airfoil  shape,  the  swirl  vanes  will  be  made  from 
0. 100-in. -thick  sheet  aluminum. 


Figure  28.  Estimated  Total  Pressure  Loss. 
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Figure  29.  Swirl-Vane  Irai 1 ing-Edge  Exit  Angle  Geometry. 


48 


RADIAL  DISTANCE 


The  particle  trajectory  computer  program  was  used  to  analyze  particle 
behavior  in  the  seml-reverse-f low  separator  with  an  average  gas  swirl  of 
30  deg.  The  results,  ahown  in  figure  30,  indicate  that  only  very  small 
particles  entering  the  separator  near  the  hub  will  escape  separation. 

To  evaluate  analytically  the  o fleet  of  operating  the  semi-reverse* flow 
separator  without  swirl  vanes,  another  computer  run  was  made  without  in¬ 
putting  any  gas  swirl.  The  results,  shown  in  Figure  31,  indicate  a  re¬ 
duced  concentration  of  particles  at  the  Of),  as  would  he  expected,  and 
an  Increase  in  fine  particles  that  were  not  separated. 


Figure  30.  Calculated  Particle  Trajectories  In  Semi-Reverse- 
Flow  Separator  With  Simulated  30-Degree  Gas  Swirl- 
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Figure  31.  Calculated  Particle  Trajectories  in  Semi -Reverse 
Flow  Separator  W  i  th  No  Gas  Swirl. 


POWERED  MIXED-FLOW  SF.  PARA  TOR  MECHANICAL  DESCRIPTION 

Test  hardware  was  designed  to  demonstrate  the  feasibility  of  the  powered 
mixed-flow  separator  concept.  The  test  hardware,  shown  in  Figure  32, 
is  basically  an  adaption  of  an  existing  rig  that  was  used  for  conducting 
sand-ingestion  tests.  Phe  bellmouth  rig  inlet  connects  the  rig  to  the 
test  facility  dust  feeder  screen  basket  assembly.  The  inlet  assembly 
consists  of  a  flow  measurement  section,  a  simulated  bearing  housing 
with  four  struts,  and  variable  inlet  guide  vane  assembly.  The  rig 
has  a  special  bearing  system  with  an  oil-damped  bearing  support  and 
a  seal  package  designed  to  keep  dust  out  of  the  bearings.  Recommended 
axial  thrust  loads  are  maintained  by  pressurizing  a  thrust  balance 
piston  within  the  bearing  housing.  The  mixed-flow  impeller  is  an 
existing  impeller  that  was  modified  by  cutting  off  a  portion  .  The 
shroud  section  is  designed  as  a  split  assembly  so  that  it  can  be  tested 
with  the  constant  area  contour  and  then  readily  removed  for  final 
machining  of  the  particle  scavenge  zone.  Separate  annular  collection 
chambers  are  provided  for  segregating  the  scavenge  discharge  and  clean 
airflow.  Impeller  discharge  flow  conditions  will  be  monitored 
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down at roam  of  the  scavenge  zone  splitter  with  n  traversing  Cobra  prole 
to  obtain  total  pressure,  total  temper at ure ,  ant!  swirl  angle  moncure- 
mcnts . 

roWKKKI)  MIXFD-Fl.OW  SFI’AKATOK  DKSICN  CONS  I  DF.KATIONS 

A  majority  of  tho  analvtlcal  design  t*  f  f  r>  r  t  was  associated  with  evaluat  I  tip 
tho  mixed-flow  Impollo.  oonf  1  gurat  ion  and  shroud  contour.  ifecause  of 
the  timo  ami  cost  tli.r  would  ho  Involved  in  deal gn  1  ng  and  fabricating  a 
new  Impeller,  the  feasibility  of  modifying  an  existing  impeller  was 
studied.  Tills  analysis  determined  that  by  utilizing  the  axial  flow 
inducer  section  and  a  portion  of  the  centrifugal  flow  section,  a  reason¬ 
able  mixed-flow  impel  lei  could  le  created.  A  meridional  view  of  the 
impeller  showing  the  recommended  cutoff  point  is  presented  in  Figure  U. 
The  resultant  calculated  pressure  rise  across  the  span  at  an  estimated 
efficiency  of  82  percent  is  shown  In  Figure  Vt .  It  is  estimated  that 
the  overall  stage  pressure  ratio  will  average  out  to  be  approximately 
1.7  to  1.  To  reduce  tip  loading,  which  was  considered  t>  be  somewhat 
high,  and  to  minimize  potential  stability  problems,  the  blade  tip  will 
be  uncambered  15  degrees  with  a  linear  variation  to  0  degrees  uncamber 
at  the  root. 

The  impeller  that  will  actually  be  modified  is  one  that  has  previously 
been  used  in  a  10-hnur  sand  ingestion  test.  As  shown  in  Figure  35,  the 
most  severe  erosion  that  resulted  from  this  test  occurred  at  a  region 
on  the  Ot)  of  the  full-blade  pressure  surface  that  is  downstream  of  where 
the  impeller  will  be  cut  off.  Thus,  blade  erosion  should  not  be  a 
problem  for  the  impeller  when  it  is  reworked  to  a  mixed-flow  configura¬ 
tion. 

Because  inlet  conditions  that  might  be  required  for  a  second -stage  com¬ 
pressor  were  not  defined,  the  initial  duct  contour  downstream  of  the 
impeller  was  designed  for  constant  area.  The  particle  trajectory  com¬ 
puter  program  was  then  utilized  to  evaluate  particle  behavior  in  this 
duct.  For  the  particle  trajectory  plot  shown  in  Figure  36,  an  average 
gas  swirl  of  60  degrees  was  used  to  simulate  the  impeller.  This  centri¬ 
fuged  the  particles  to  the  OD  but  did  r.ot  account  for  the  effect  of 
particles  that  might  be  impacted  by  the  impeller  blades.  However,  good 
correlation  was  obtained  between  an  indicated  concentration  of  particles 
at  the  shroud  OD  and  at  the  point  where  maximum  erosion  occurred  on  the 
impeller  during  the  sand  ingestion  tests.  An  effort  was  made  to  simu¬ 
late  the  effect  of  particle  impaction  by  first  calculating  estimated 
particle  rebound  velocities  and  angles  off  the  impeller  blade  and  then 
using  this  as  input  to  the  particle  trajectory  computer  program.  The 
results  presented  in  Figure  37  show  that  the  particles  tend  to  become 
focused  near  the  maximum  OD  of  the  shroud. 
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Having  entnbl  lsh**d  potential  particle  trajectories,  the  computer  program 
wac  then  uRcd  to  evaluate  shroud  contour  changes  that  would  result  in 
pirtlcle  capture.  Figure  38  shows  a  plot  ol  particle  trajectories 
with  the  shroud  contour  changed  to  enhance  particle  capture.  The  results 
Indicate  that  •veti  fine  particles  which  started  near  the  hub  would  be 
captured  bv  tie  predicted  scavenge  zone.  Increasing  the  shroud  diametei 
In  the  vlclnltv  of  ihe  impeller  produced  superior  particle  concentration 
In  the  predicted  scavenge  zone,  ss  shown  !  1  Figure  39.  The  predicted 
scavenge  zone  is  located  so  that  t  should  also  capture  particles  that 
inigl  t  he  impicted  by  the  impeller.  To  substantiate  the  particle  tra¬ 
jectory  computet  program  predictions,  Initially  the  cons tnnt -area  shroud 
cun' our  will  be  tested  ‘'rtcflv  with  pain'  on  the  internal  surfaces  to 
verify  the  location  of  particle  seavoi.gc  zone  prior  to  final  machining. 


Figure  32.  Powered  Mixed-Flow  Particle  Separator  Test 


RADIUS 
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Impeller  Cutoff  Location 


Location  of  Impeller  Cutoff  Upstream  of  Maximum 
Erosion  Region. 
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Trajectories  in  Powered  Mixed-Flow  Separator 
With  Simulated  60-Degree  Gas  Swirl. 
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Figure  37.  Calculated  Impaction  Effect  on  Particle 

Trajectories  in  Powered  Mixed-Flow  Separator 
With  Simulated  60-Degree  Gas  Swirl. 
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Figure  38.  Particle  Capture  in  Predicted  Scavenge  Zone 
Resulting  From  Shroud  Contour  Change. 
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Figure  39.  Superior  Particle  Concentration  in  Scavenge  Zone 
Produced  by  Increased  Shroud  Diameter  in  Vicinity 
of  Impeller. 


CONCLUSION 


It  is  concluded  that  of  the  integral  engine  inlet  particle  separator 
concepts  investigated,  the  semi-reverse-flow  and  powered  mixed-flow 
concepts  are  feasible  and  are  the  most  promising  concepts  when  evaluated 
on  the  basis  of  the  stated  criteria. 
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APPENDIX 

DESCRIPTION  OF  PARTICLE  TRAJECTORY  COMPUTER  PROGRAM 
DUCT  FLOW  FIELD  CALCULATIONS 

The  theoretical  analysis  of  incompressible  turbulent  swirling  flow 
through  axisymmetric  annular  ducts  is  obtained  using  standard  numerical 
techniques  to  obtain  solutions  to  the  governing  partial  differential 
equations  of  motion.  To  account  for  the  effect  of  boundary-layer  growth 
on  the  pressure  field  in  the  duct,  the  equations  of  motion  are  derived 
in  a  streamline  coordinate  system  which  closely  approximates  the  stream¬ 
lines  of  the  real  flow.  The  most  suitable  orthogonal  coordinate  system 
for  this  purpose  is  that  obtained  from  the  potential  flow  solution,  in 
which  the  stream  function  forms  the  normal  coordinate  and  the  velocity 
potential  forms  the  streamwise  coordinate.  The  elliptic  properties  of 
the  flow  are  then  reflected  in  the  coordinate  system.  Since  the  coordi¬ 
nates  sarve  as  a  first  approximation  to  the  flow,  the  equations  of  motion 
are  then  simplified  by  assuming  that  the  velocity  normal  to  the  potential 
flow  streamlines  is  small  compared  to  the  streamwise  velocity  (u  <<  u^). 
The  turbulent  flow  in  the  duct  is  then  treated  as  a  single  flow  regime 
governed  by  a  parabolic  partial  differential  equation.  The  difficult 
problem  of  matching  the  boundary-layer  solution  (parabolic  equation)  to 
the  potential  flow  (elliptic  equation)  is  avoided  and  the  complete  solu¬ 
tion  is  obtained  without  an  iterative  procedure.  Thus  the  streamwise 
and  normal  static  pressures  are  obtained  as  a  solution  of  the  parabolic 
boundary-layer-type  equations,  with  the  boundary  condition  that  mass 
flow  is  preserved. 

The  turbulence  in  the  boundary-layer  flow  is  represented  by  the  mixing 
length  theories  of  von  Karmen  and  Prandtl,  which  relate  the  eddy  vis¬ 
cosity  to  the  local  mean  flow  properties.  These  theories  use  a  damping 
factor  derived  by  Van  Driest  for  the  flow  near  the  wall  and  the  wake 
model  of  Clauser  for  the  outer  layer.  The  computing  program  is  devised 
such  that  should  flow  separation  occur  at  any  region  in  the  duct,  further 
computations  of  the  flow  properties  will  cease.  With  this  aid,  duct 
contours  have  been  optimized  so  as  to  minimize  flow  separation. 

Since  the  equations  of  motion  are  of  the  boundary- layer  type  and  are 
parabolic,  th'i  flow  is  completely  specified  by  the  initial  conditions 
and  boundary  conditions.  The  initial  conditions  require  that  the  veloc¬ 
ity  distribution  of  the  flow  entering  the  duct  be  specified;  the  boundary 
conditions  specify  the  no-slip  condition  at  the  walls.  The  solution  is 
then  determined  to  within  one  arbitrary  constant  P,  the  reference  static 
pressure.  Thus,  once  a  problem  has  been  solved  in  a  given  coordinate 
system,  the  relationship  between  the  downstream  and  upstream  conditions 
is  fixed.  The  explicit  numerical  method  used  to  solve  the  governing 
equations  is  a  modified  form  of  the  Runge-Kutta  integration  formula. 
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PARTICLE  TRAJECTORY  CALCULATIONS 


The  flow  field  determined  for  the  duct  is  used  by  the  particle  trajectory 
analysis  program,  which  computes  and  plots  the  trajectories  of  particles 
as  they  pass  through  the  duct.  The  flow  properties  must  be  input  at 
discrete  points  throughout  the  duct  by  defining  the  coordinates  of  the 
point,  the  magnitude  of  the  gas  velocity  vector  in  the  meridional  plane 
and  perpendicular  to  the  meridional  plane,  the  angle  it  makes  with  the 
axis  of  symmetry,  and  the  gas  total  pressure  and  total  temperature.  In 
the  calculations,  flow  properties  are  Interpolated  linearly  between  the 
four  points  that  surround  the  particle. 

Particles  may  be  input  at  any  location  in  the  duct  and  must  have  speci¬ 
fied  properties.  Particles  are  considered  spherical  for  purposes  of 
mass,  area  and  drag  calculations.  Total  relative  velocity  is  calculated 
based  on  the  particle  and  local  gas  velocities: 

VrCl  "\ZfVgX  Vp5<)  *  (Vgy  "  Vpy)  +  (VSZ  "  VPZ> 

The  Reynolds  number  of  a  particle  is  calculated  by: 


P  V  .  d 
Rey  -  _ 

where  d  is  the  particle  diameter. 


Particle  drag  coefficient  is  obtained  from  a  polynomial  relationship  of 
Cd  and  Rey  obtained  from  published  curve-fitted  experimental  data 
(Reference  11).  As  a  particle  moves  through  the  duct,  drag  forces  are 
calculated  based  on  total  relative  particle  velocity: 

F.  =  1/2  p  V2  ACL 
drag  gas  rel  u 

where  'A'  is  the  projected  frontal  area  of  a  sphere.  Since  the  particle 
mass  is  known  from  its  density,  the  particle  acceleration  is  expressed 
by: 


a 


3  CD  P 


Assuming  that  drag  force  is  the  only  force  acting  on  a  particle  (gravita¬ 
tional  forces  are  negligible  compared  to  aerodynamic  forces),  this  re¬ 
lation  can  be  used  to  compute  the  three  components  of  particle  accelera¬ 
tion.  These  accelerations  are  considered  constant  over  small  time  inter¬ 
vals  and  are  integrated  directly  to  give  the  change  in  particle  velocity 
and  position  for  that  interval.  In  the  event  that  a  particle  strikes  a 
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wall,  It  Is  rebounded  according  to  the  particle's  coefficient  of  restl- 
tlon. 

A  program  option  is  available  which  determines  the  effects  of  the  pres¬ 
ence  of  an  electrostatic  field  on  the  particle  trajectories.  An  initial 
electrostatic  charge  is  applied  to  the  particles  and  a  field  strength  is 
specified  at  any  region  of  the  duct.  Electrostatic  forces  are  calculated 
according  to 

Felec  “  -  EQ 

where  E  is  the  field  strength  and  Q  is  the  particle  charge.  Thus, 
changes  in  particle  acceleration  due  to  electrostatic  as  well  as  aero¬ 
dynamic  forces  may  be  calculated. 
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